Abstract The nuisance impact of air pollutant emissions from wastewater treatment plants (WWTPs) is a major issue of concern to Singapore and to many developing cities worldwide. Existing chemical and physical treatment methods are efficient but costly, and may generate secondary pollutants. Biotreatment, on the other hand, is a proven control technology for effectively removing hydrogen sulphide (H 2 S), the principal odour component of sewage air. The biotechnology is cost-effective to remove low-concentrations of biodegradable compounds from a large flow of waste gases. A pilot-scale biotrickling filter, packed with pall rings, was set up at a WWTP in Singapore to investigate its effectiveness for treatment of odorous sewage air. A series of experiments were conducted to assess the performance of the biotrickling filter under various operating scenarios. Results indicated that even at 5 second gas retention time, the biotrickling filter could remove 95% of the inlet H 2 S. The behaviour of the biotrickling filter under various operating scenarios are presented and discussed in this paper.
Introduction
The nuisance impact of air pollutant emissions from wastewater treatment plants is a major issue of concern to Singapore and to many developing cities worldwide. Existing methods for controlling odorous off-gas include activated carbon adsorption, caustic and acid scrubbers, thermal oxidation, and so on. Although these methods provide high odour removal efficiency, they are also costly and may lead to the generation of secondary pollutants. Biotreatment, on the other hand, is a proven control technology for effectively removing hydrogen sulphide (H 2 S) and a wide range of volatile organic compounds (VOCs) (Groenestijn and Hesselink, 1993) . Besides its cost-effective feature, it has also been found to be particularly suitable for applications where low concentrations of biodegradable compounds are to be removed from a large flow of waste gases.
In this study, biotrickling filtration was employed to treat odorous hydrogen sulphide gas found in the sewage off-gas from a local municipal wastewater treatment plant (WWTP). A pre-inoculated pilot-scale biotrickling filter (BTF) was set up at the WWTP to study the effects of treating gaseous hydrogen sulphide under a range of experimental conditions. In this paper, three of these experimental conditions are being discussed: 1. the performance of the BTF under normal operating sewage off-gas conditions; 2. the performance of the BTF under high H 2 S loading conditions in the presence of sewage off-gas; 3. the performances of the BTF under shock H 2 S loading conditions in the presence of sewage off-gas.
Materials and method
The schematic of the pilot-scale biotrickling filter used in this study is shown in Figure 1 . The pilot-scale BTF column was made of acrylic. The diameter (D) and length (L) of the biotrickling filter column are 0.08 m and 2 m, respectively, yielding a long and slender column having an aspect ratio (L/D) of 25. Polypropylene pall ring of nominal size 16 mm from Jaeger Products Inc. (bearing the trade name Pall rings) was used as the packing material. Thiobacillus thiooxidans, which was previously isolated and mass cultivated, was the primary bacterial genus group responsible for H 2 S removal. Filtered secondary effluent from a local wastewater treatment plant was used as the recirculating solution to provide the necessary nutrient for bacteria growth.
Acclimatisation and immobilisation stage
Before the pilot scale BTF was deployed at the WWTP, the BTF underwent an acclimatisation and immobilisation stage. The objective of this acclimatisation and immobilisation stage is to ensure that there is sufficient bacteria growth in the BTF prior to conducting the field experiments. The pilot-scale BTF was set into acclimatisation stage by recirculating enriched Thiobacillus thiooxidans secondary effluent while passing H 2 S gas of a concentration of 10-50 ppmv through the BTF column. As the recirculating effluent trickles through the pall rings, Thiobacillus thiooxidans started to immobilise onto the pall rings. The bacteria solution is kept rich by passing H 2 S through the filter column. The Thiobacillus thiooxidans bacteria concentration was kept at about 10 8 CFU during the entire acclimatisation and immobilisation stage. The gas retention time (GRT) was gradually reduced from 30 s to 5 s over a period of 80 days. The H 2 S removal efficiency of the BTF was being monitored throughout the entire acclimatisation period. At the end of 80 days, the acclimatisation and immobilisation stage was considered to have been completed as the BTF could achieve a H 2 S removal efficiency of greater than 90% at a gas retention time of 5 s. The operating conditions of the BTF at the acclimatisation and immobilisation stage are summarised in Table 1 .
L. Wu et al. Figure 1 The schematic of the pilot-scale biotrickling filter
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Measurement and sampling methods
Gas sampling. Tedlar bags were used to collect the inlet and outlet gas samples from the inlet/outlet gas sampling ports. If the positive pressure in the biotrickling filter was too low for the gas to flow into the sampling bags, a gas pump was used to draw the gas sample into the Tedlar bags. Analysis of each sample was carried out immediately after sampling to avoid the deterioration of H 2 S sample. To eliminate all residual H 2 S in the Tedlar bags, all sample bags were flushed by clean air immediately after each analysis.
H 2 S measurement. H 2 S measurement was determined by the Toxic Gas Monitor Series 7100 MDA Scientific, USA. The machine has a range of 2 -5,000 ppb for low concentration H 2 S and a range of 0.2-50 ppmv H 2 S for higher concentration. Gas samples with H 2 S concentration higher than 50 ppmv were diluted two to four times by a gas dilution cylinder prior to measurement.
Deployment of the BTF to the WWTP
Upon completing the acclimatisation and immobilisation stage, the BTF was deployed at the WWTP. The inlet sewage gas stream into the BTF was a partially treated air stream from another odour treatment facility, which was treating sewage air extracted from primary sediment processes. The inlet sewage gas into the BTF has an inlet H 2 S concentration that varies from 0-20 ppmv. The sewage air stream was drawn into the BTF using a vortex pump. Filtered secondary effluent from the WWTP was used as the recirculating solution to provide the necessary nutrient for bacteria growth. The operating conditions during this period are tabulated in Table 2 .
Results and discussion
The BTF, upon satisfactory deployment, was subjected to the following experimental scenarios: 1. the performance of the BTF under normal operating conditions; 2. the performance of the BTF under high H 2 S loading conditions in the presence of sewage off-gas; 3. the performance of the BTF under shock H 2 S loading conditions in the presence of sewage-off gas.
Performance of the BTF under normal operating conditions
During the acclimatisation and immobilisation stage, the BTF could achieve very high H 2 S removal when it was subjected to a pure H 2 S gas stream. However, in a typical sewage air stream from the WWTP, there might exist other gas components (VOCs, for example) that might affect the performance of the BTF in terms of H 2 S removal. In order to establish the baseline performance of the BTF in the presence of other native sewage gas components, the BTF was subjected to "normal" operating conditions and the performance of the BTF (in terms of H 2 S removal) was measured. The concentration of VOCs found in the sewage air was also measured using a methane/non-methane hydrocarbons analyser. The concentration of the VOCs in the sewage air stream varies from 70-120 m g/L.
The performance of the BTF in this scenario is shown in Figure 2 . The H 2 S inlet concentration to the BTF varies from 0.5-17.8 ppmv. It can be seen that the H 2 S removal efficiency was maintained at 90% during this period. As the gas retention time was brought down from 30 s to 5 s, there seemed to be very little impact on the H 2 S removal efficiency. At this stage, it appeared that the BTF could be used to effectively treat H 2 S emitted at the local WWTP in the presence of native sewage gas components such as VOCs.
The performance of the BTF under high H 2 S loading conditions in the presence of sewage off-gas As the inlet H 2 S concentration in the sewage air stream is limited to about 20 ppmv, it was decided to stress test the BTF to investigate the performance limits of the BTF in terms of H 2 S removal efficiency. The H 2 S was artificially injected into the inlet gas stream to simulate high H 2 S loading. The efficiencies at the various gas retention times were also being investigated. H 2 S concentration was increased from 20 ppmv to 100 ppmv at Gas retention time (s) H2S removal efficiency (%) 100ppm 75ppm 50ppm 30ppm 20ppm Figure 3 The performance of the BTF under high H 2 S loading conditions in the presence of sewage off-gas retention times varying from 15 s to 5 s. The relationship between inlet H 2 S concentration, gas retention time and H 2 S removal efficiency is shown in Figure 3 . It appeared that the system performance degrades from 90% to 70% as the inlet H 2 S concentration was increased from 20 ppmv to 100 ppmv. The detrimental effects of decreasing gas retention to the performance of the BTF can be clearly seen when the inlet H 2 S concentration exceeds 50 ppmv.
The performance of the BTF under shock H 2 S loading conditions in the presence of sewage-off gas Shock loading conditions were common in a typical WWTP operation. The ability to buffer shock loading is imperative for the proper and effective functioning of any BTF. The current pilot-scale BTF was put to a shock loading test to ascertain its capacity to buffer and recover from a shock H 2 S loading. The BTF was subjected to a sudden increase in inlet H 2 S concentration from 80 ppmv to 150 ppmv level over a period of 10 minutes at a GRT of 5 s. The response of the BTF to the shock loading is shown in Figure 4 . The BTF exhibited a performance drop from 73% to 68% upon the shock loading. After approximately 10 minutes, the performance decreased to 60% even as the inlet H 2 S concentration was lowered to 80 ppmv. However, the BTF showed signs of recovery when the inlet H 2 S concentration was reduced to 50 ppmv. When the inlet H 2 S concentration reduced further to 20 ppmv, the BTF went into full recovery. The BTF seemed to be robust enough to recover reasonably quickly in a shock loading scenario.
Conclusion
The pilot scale BTF has been subjected to on-site experimental testing at a local WWTP and results were encouraging to point out that a full scale BTF may be a feasible option to replace the existing chemical scrubbers. The performance of the BTF under normal operating conditions, simulated high and varying H 2 S concentrations and shock loading, in the presence of other native gas components (such as VOCs), appeared satisfactory, even at a short gas retention time of 5 s. GRT=5s Figure 4 The performance of the BTF under shock loading conditions
